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Abstract
Photovoltaic generators involve many systems operating together. The illumination on a PV generator (PVG) is neither 
homogeneous nor constant. Some fluctuations in the illumination intensities and spectra, due by example to shadows, with various 
dynamic, can occur on the PV panels which constitute a big problem for the inverter to determine precisely the position of the 
Maximum Power Point (MPP) for an optimal and efficient power transfer. So it is very important to analyse the dynamics 
behaviour of such systems by using electronic simulation tools like ORCAD®, PROTEUS® etc... It is also interesting to consider 
the possibility to connect PV panels to smart DC/DC converters in order to provide a High DC Voltage (HVDC) bus. The goal of 
the present paper is to determine very precisely the dynamic response of a PV system with a high global efficiency. In order to 
easily simulate a global system including PV panel(s) converter(s) and load, with consideration of small partial shading onto the 
surface, it is advantageous to minimize the number of basic components in the schematics used for the simulation. This allows a 
better computing convergence on a short simulation time.
In the present contribution, a novel global model representing the behaviour of a string, a panel or a PVG in Direct and Inverse 
biasing modes is studied. Moreover, this model gives a good restitution of a PVG behaviour in case of partial shading. It is also 
compared with a standard string of photovoltaic cells. The solar-cell model used for this study is a Direct and Reverse Mode 
(DRM) model, published in previous paper, which integrates the second quadrant corresponding to the reverse operating mode. In 
partial shading of PV systems the proposed model allows to have a good approximation of the I-V characteristics curves on PV 
panels with easier an efficient simulation.
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1. Introduction
Photovoltaic systems generally use associated PV panels in order to increase the output voltage supplying the 
terminal inverter. A good solution to avoid the shading effects in a string of PV panels [1] is to place By-Pass diodes 
regularly connected all along the string. Such diodes are systematically integrated in the standard professional panels. 
Some papers describe very precisely the advantages we take within this solution [1]. But in case of aging of cells, 
degradation of panels or connexion defects, By-Pass diodes can be disconnected that can involve some distortions in 
the I-V characteristics in the implicated panel, but also in all the string where the panel is connected with. Previous 
studies specifically oriented on the reverse cells behaviour [2], show a large dispersion of the avalanche voltage cells 
in the reverse mode. All cell models are optimized for the direct mode, including one or two direct diodes. A complete 
mode working in the Direct and the Reverse mode has been proposed in a previous recent paper [2]. But the 
simulation on a string of PV panels working in default mode, and including a lot of PV cells remains problematic
because of the large number of nodes that this solution implies [3]. 
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So, to simplify the simulation and modelling of a string (or a panel), it seems interesting to proposed a simplified 
string (panel) model working in the Direct and the Reverse mode, based on the earlier cell model. This solution is 
suitable for decreasing the time of computing the related programs developed under simulators like PSPICE® or 
Proteus®. Then we propose to generalize an averaged model for a complete string of cells. Finally, we consider a 
standard PV panel composed with 60 cells and protected by 3 By-Pass diodes. We compared a discrete solution [4] 
including 60 DRM (Direct and Reverse Model) cells behaviour, with a lightly model allowing simulations of number 
of PV panels connected together, that is not usable before. 
2. The Diode based Direct-Reverse Mode model for a single cell
The simulation of a photovoltaic cell on PSPICE® can be established by using the classical 2 diodes model as 
represented by the equivalent circuit reported in Fig. 1 [1, 2, 5 - 7], where D1 and D2 are the saturation current adjusted 
model diodes, Rsh and Rs are the shunt parasitic and the serial parasitic connection equivalent resistors, respectively 
The parameters of the two diodes must be adjusted in the simulator in convenience with the experimental 
measurements under dark and illuminated lighting conditions. Iph is the photovoltaic current in dependency with the 
illumination. We notice that the behaviour of this model does not give a correct restitution in case of a functioning of 
the cell/panel in the reverse mode, as it is the case when partial shading on a cell or a group of cells exists.
We have performed a series of tests in our laboratory on 60 polycrystalline silicon cells preselected at the entry of a 
production line, for their immediate integrations in a panel. It shows that the behaviours of the cells measured in 
reverse mode presents the characteristics plotted in Fig. 2. We can see in this figure a large discrepancy of the 
behaviour of the cells and that exists two threshold voltages in the I-V characteristics. Only about 10% of the tested 
cells present a low-level threshold voltage, located at around -5 volts. All the other cells present a second threshold 
voltage located at around -14 volts. 
This experimental observation was already reported in a previous article by Zegaoui et al. [2] and a mathematical 
model taking into account the direct and the reverses mode of a cell was also already suggested in literature [4,7]. The 
direct and reverse mode (DRM) model simulating by diodes is named Diode based Direct and Reverse Mode (DDRM) 
model. The simulation of the entire photovoltaic cell behaviour considering the DDRM model with PSPICE® is 
Fig 1: Two diodes photovoltaic cell model for direct mode.
Fig 2: Characteristic IV of 60 poly-crystal cells in reverse mode.
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represented by the equivalent circuit reported in Fig. 3, in which the reverse mode is considered additionally to the 
basic two diodes model under the shape of three diodes, D3, D4 and D5 in series with DC voltage sources at 0V, -5V 
and -14V simulating the experimentally observed thresholds.
Within the DDRM model, the I-V characteristic representing the true behaviour of a photovoltaic cell is reported in 
Fig. 4.
The simulation of a photovoltaic cell in no illumination conditions by the DRM model in Fig. 4 gives a good 
approximation I-V neither in direct nor reverse modes.
3. The Diode based Direct and Reverse Mode model for a photovoltaic string
Fig. 5 The DDRM model apply to a string of twenty photovoltaic cells.
Fig 3: Direct and reverse diode model.
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In order to simulate a complete string constituted of a large amount of cells in series, we extend and apply the 
previous DDRM model, initially developed for the simulation of a single cell. Thus, as example, we have applied the 
DDRM model in the case of a string of twenty cells under nominal illumination. The equivalent circuit, designed with 
ORCAD® is reported in Fig. 5 
To point out the reliability of this DDRM model, we have applied it to the simulation with PSPICE® and the I-V
characteristic is reported in Fig. 6.a, for the string without any shadowed part and in Fig. 6.b for the string with one of
the twenty cells half shadowed, i.e. delivering only 1.5A instead of 3A for the other cells. 
Fig. 6 point out that the inverse voltage achieves high value when the current imposed to the string becomes greater 
than the photocurrent. We can also observe that for a half current limited by one of the cell, the voltage of the string 
decreases suddenly corresponding to the reverse mode of the half-illuminated considered cell. Generally manufacturers 
insert by-pass diodes to avoid a dangerous negative damage threshold value reached by the voltage of the string. 
4. The Transistor based Direct and Reverse Mode model for a photovoltaic string
Fig. 6: I-V characteristics of a string composed by twenty cells, (a) without any shaded part and (b) 
with one cell partially shadowed simulated with the DDRM model by PSPICE®
Fig. 7: The TDRM model apply to a string of photovoltaic cells.
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As we have shown in Fig. 5 and discuss in the above paragraph, the equivalent circuit with diodes for an entire 
string is quite complex. Thus, we suggest a simulating model for the entire string structure with an equivalent model, 
the Transistor based Direct and Reverse Mode (TDRM) model, based on transistors instead of diodes. We report in 
Fig. 7 the transistor model for the twenty cells string presented as an example. In this scheme, R408, R409, Q1, Q2 work 
as a classical Vbe multiplier. I85, D408, D409 R4118 are the equivalent shading limitation current cell. 
Following the same experimental procedure as above, we have applied it to the simulation of a twenty cells string 
with PSPICE® and the I-V characteristic is reported in Fig. 8.
We observe in Fig. 8 that the I-V characteristic given by the TDRM model presents the same shape than this 
observed in Fig. 6 provided by the above DDRM model. Thus, the equivalent circuit, Fig. 7 presents a good behaviour
for nominal illumination but also in case of partial shading on one or several cells, proving its reliability.
5. The Transistor based Direct and Reverse Mode model for a photovoltaic panel
The simulation of a complete PV panel is more difficult than for a single cell or a single string for the reason of the 
too large number of components. The solution of this problem can be done by the association of several TDRM model 
equivalent circuits given a simpler equivalent structure than that resulting from a single modelling. For that purpose, 
several TDRM model, modelling a single string, are join in the simulation process with a number corresponding to the 
number of strings. As example, for a photovoltaic panel composed by three parallel strings of twenty cells, i.e. a total 
of sixty cells, the equivalent circuit represents three time that of Fig. 7, as represented in Fig. 9.
Fig. 9: The TDRM model applied to a photovoltaic panel composed by three strings.
Fig. 8: I-V characteristic of a string composed by twenty cells with one cell partially shadowed simulated 
with the TDRM model by PSPICE®.
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We have applied the TDRM model to the simulation of the photovoltaic panel with PSPICE® and the I-V
characteristic is reported in Fig. 10, considering one shading zone. (I and  are noted Istr and Vstr on the experimental 
axis of Fig. 10).The red dash plot and the blue continuous lines correspond to simulations using the TDRM panel 
model and the DDRM panel, respectively.
We can see that the resulting shapes of the I-V characteristics obtained with the DDRM and the TDRM models are 
similar. Moreover, with the TDRM model, it is possible to adjust very precisely the voltages in order to simulate 
various photovoltaic cells and panels configurations. By else, with this new TDRM model, the time for the 
computation of the model is divided, at least by a factor three compared to the time necessary for the simulation of the 
same phenomenon with the same cell configuration with the DDRM model. In practice, this computing time depends 
of the transistor models used in PSPICE®. The increase of the efficiency was achieved in the best simulation 
configuration with a time computing divided by five with the TDRM model compared to the DDRM model when the 
set of transistors presented in Fig. 9 was used.
6. Conclusion
A new model, based on the direct and reverse mode model, is proposed for the simulation of complete photovoltaic 
structure composed with strings and panels. The model, named direct and reverse transistor mode (TDRM) model 
allows the simulation of large structures including a large amount of photovoltaic panels, largely simplify the earlier 
models by the integration in the model of transistors. Due to this simplification compared to classical diodes based 
models, the new model implicates short time computing. In the TDRM model, the partial shadows is also fully taking 
into account, representing a good solution for dynamic simulations.
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